Abstract
Introduction

Reactive oxygen species (ROS) are common by-products of the cellular metabolism and serve as essential signalling mediators in a variety of processes including proliferation, senescence, ageing as well as carcinogenesis
. However, when overproduced, ROS can directly affect cellular functions by oxidizing vital molecules that are crucial for cellular integrity, thereby causing cell demise.
chaperone-substrate complex to the lysosomal-associated membrane protein 2 (LAMP2A), the receptor for CMA, followed by translocation of the unfolded substrate in the lysosomal lumen for degradation [6, 7] . Different ROS generating molecules or signals known to promote apoptosis have recently been shown to instigate MA [2, [8] [9] [10] [11] [12] [13] [14] as well as CMA [15, 16] . Remarkably, MA function in ROS signalling appears to be highly dependent on the type of stress signal and cellular context and can be cytoprotective, favour apoptosis or instigate autophagic cell death [3, 17] . Moreover, defects in MA can also contribute to ROS generation due to the impaired removal of oxidatively damaged organelles (i.e. mitochondria) or proteins [3] an event that can promote carcinogenesis [18, 19] . [20] . PDT [21, 22] and emerging studies show that PDT stimulates MA in cancer cells [23] [24] [25] [26] [23, 27] . Bax/Bak deficiency curtails apoptosis after PDT and triggers caspase-independent cell death utilizing aberrant MA stimulation for self-killing [23, 28] .
Thus, although ROS are important bridging molecules in the cross-talk between apoptosis and autophagy pathways, the molecular mechanisms linking these processes are complex and remain poorly understood. A thorough characterization of the functional effects of autophagy pathways is particularly important when considering that cancer therapeutics devised to produce toxic amounts of ROS to eradicate tumours, might induce apoptosis concurrently with autophagy. A well-established paradigm of anticancer therapy, killing cancer cells through oxidative stress, is photodynamic therapy (PDT)
utilizes a tumour-localizing photosensitizer and the local delivery of visible light to produce highly cytotoxic ROS, mainly in the form of singlet oxygen ( 1 O2). PDT with different photosensitizers has been shown to induce both apoptotic cell death in vitro and in vivo
In this study we further our understanding of the functional link between oxidative stress, autophagy pathways and cell death. We show that in cells responding to PDT, MA and CMA are stimulated and establish a direct cross-talk which is crucial to withstand ROS-induced killing. Furthermore, we show that CMA is the dominant cytoprotective pathway in PDT whereas it is dispensable for ER stress induced cell death.
Materials and methods
Reagents: Hypericin was prepared and stored as previously reported [23] . BafilomycinA1 (BafA1), 3- [34] .
C) Transmission electron microscopic analysis of control HeLa cells (a, b) and HeLa cells 6 hrs after PDTtreatment (c, d). EM photomicrographs representing 70% of the population are shown. (b) and (d) are magnifications of the peri-nuclear area indicated in (a) and (c). Arrows indicate vacuoles with detectable content in the treated cells (d). Black scale bar in the lower right corner represents 2 m. (D) Flux analysis with MEF stably expressing GFP-LC3. HeLa cells were pre-incubated for 2 hrs with 100 nM BafA1 or vehicle (controls) before irradiation, BafA1 was present for the entire incubation period after irradiation. At the indicated time-points whole cell lysates were made for Western blot analysis.
Akt protein, which correlated well with the kinetics of LC3-II accumulation after PDT (Fig. 2A). PDT did not affect the phosphorylation status of AMPK (data not shown), a positive regulator of MA [33], suggesting that the inhibitory effect on mTOR is mainly due to Akt down-regulation. Apart from endogenous Akt, a constitutive active form of Akt (myrAKT), overexpressed in MEF or in HeLa cells was also down-regulated after irradiation (Fig. S1). myrAKT does not require phosphatidylinositol 3-kinase signalling for its activation, thus it is unlikely that Akt down-regulation by PDT involves changes in growth factors mediated signalling. Thus, it is plausible that the down-regulation of Akt might instead involve propagation of secondary ROS from the original site of production (i.e. the ER) as observed in other PDT paradigms
Recently, we showed that the stable overexpression of the antioxidant glutathione peroxidase 4 (GPx4) enzyme protected 
Attenuation of MA enhances PDT-induced cell death
Having shown that MA is stimulated following PDT in different cells, we decided to investigate the functional role of MA on PDTmediated cell death in apoptosis-competent cells. Although the
Fig. 2 Rapid inhibition of Akt-mTOR pathway after PDT. All controls represent incubation with hypericin without irradiation. (A) Analysis of the Akt-mTOR pathway activation-status in MEF as a function of time after PDT. Left: representative Western blot analysis indicating phosphorylated and total levels of Akt, p70S6Kinase and S6 ribosomal protein and LC3 conversion after PDT (n ϭ 3). Right: Densitometric quantification of the corresponding Western blot analysis on the left. (B) Left: Representative Western blot analysis of the activation status of S6 ribosomal protein in HeLa Neo or HeLa GPx4 cells following PDT (n ϭ 3). Right: Densitometric quantification of the corresponding Western blot analysis on the left. Arbitrary densitometric units represent phosphorylation relative to the expression level and normalized to the control condition (A upper graph and B) or expression level of Akt normalized to the expression level of control (A lower graph).
inhibitor of autophagosome formation 3MA [32] alone was not cytotoxic, its addition in cells exposed to PDT inhibited GFP-LC3 puncta formation (Fig. 3A) , enhanced caspase 3 activation and PARP processing (Fig. 3B ) and significantly increased apoptosis (Fig. 3C ) (Fig. 4A and B) as well as overall cell death (Fig. S3A, right panel) [16] . Because activation of CMA after cellular stress is associated with a redistribution of CMA-active lysosomes from the cytosol towards the perinuclear region [16, 40] , we evaluated the involvement of this lysosomal pathway by immunofluorescence microscopy. While untreated cells displayed a homogenous pattern of LAMP2A, the specific receptor for CMA, in the cytosol, PDT induced a marked redistribution of LAMP2A positive puncta to the perinuclear region of 3T3 cells (Fig. 6A) and MEFs (Fig. 6C) . PDT induced also the relocalization of the CMA chaperone Hsc70 towards the perinuclear area (Fig. 6A) , thus suggesting the recruitment of the CMA machinery in photosensitized (Fig. 6B) .
MA deficiency prevents apoptosis in ROS-injured cells
Fig. 3 Attenuation of MA enhances PDT-induced cytotoxicity. All controls represent incubation with hypericin without irradiation unless otherwise stated. (A) Quantification of GFP-puncta after PDT-treatment in HeLa cells transiently transfected with GFP-LC3. A subset of representative cells was analysed for their punctuated pattern in control cells and 6 hrs after treatment in the absence or presence of 10 mM 3MA. Cells were digitally processed with the ImageJ software and manually supervised. The bar values are indicated in the graph.*P Ͻ 0.05 under the Student's t-test, ns: not significant. (B) HeLa cells were PDT-treated in the absence or presence of 10 mM 3MA and Western blot analysis of caspase 3 activation and PARP cleavage was carried out at the indicated time-points after irradiation. Representative Western blot is shown (n ϭ 3). Actin was used to monitor equal loading. (C) Flow cytometric cell cycle analysis determining the apoptotic SubG1 fraction in PDT-treated HeLa cells in the presence or absence of 10 mM 3MA. The graph represents the mean Ϯ S.D. of three independent experiments carried out in duplicate. *P Ͻ 0.05 under the Student's t-test. 3MA was added to the cells immediately after irradiation to avoid toxicity caused by the light exposure of the inhibitor and remained in the culture medium throughout the incubation time. Controls with or without 3MA were harvested at the last evaluated time-point (A-C). (D) HeLa cells were transfected with Atg5 siRNA or scrambled (non-targeting) siRNA (Scr siRNA) before PDT-treatment. At the indicated time-points after PDT cell lysates were subjected to Western blot analysis with the indicated antibodies. Representative Western blot is shown (n ϭ 3). Actin was used to monitor equal loading. (E) Apoptotic SubG1 fraction in PDTtreated HeLa cells transfected with control or Atg5 siRNA. The graph represents the mean Ϯ S.D. of two independent experiments carried out in duplicate. *P Ͻ 0.05 under the Student's t-test. (F) Left: Total cell lysates were analysed for the presence of carbonylated protein side chains with OxyBlot Protein Oxidation Detection Kit after PDT in scrambled-siRNA or Atg5-siRNA transfected HeLa cells. Actin was used as a loading control. Right: The graph represents the densitometric values of the OxyBlot normalized to actin and expressed as fold increase to controls. During OxyBlot procedure, hypericin was omitted from the controls to minimize effects of background irradiation during manipulation of the samples. cells. Moreover, a fraction of the total pool of LAMP2A positive lysosomes co-localized with Hsc70, thus indicating CMA activation by PDT in MA-competent cells
Notably, Atg5 Ϫ/-MEFs exhibited a perinuclear distribution of CMA-competent lysosomes in unstressed conditions (Fig. 6C) , consistent with the constitutive activation of CMA in MA-deficient cells reported in a recent study [40] . (Fig. 5A) , LAMP2A-deficient CMA-incompetent cells [41] would be highly sensitized to PDT. Consistent with this, LAMP2A deficiency accelerated the pattern of caspase 3 activation and PARP cleavage, correlating with a persistent pattern of protein carbonylation (Fig. 7A, C (Fig. 7D) (Fig. 7A, C-E) .
We then hypothesized that if up-regulation of CMA in Atg5-deficient cells was responsible for their increased resistance towards PDT and efficient clearance of oxidized proteins
and E) and resulting in a significant sensitization of these cells to PDT-induced cell death within a wide range of PDT doses
Interestingly, LC3-conversion was enhanced in LAMP2A-deficient fibroblasts after PDT in comparison to their WT counterparts (Fig. 7B) , in agreement with the increased MA capacity in the absence of CMA [42] . In spite of this, LAMP2A
Ϫ/-cells showed a defective clearance of ROS-damaged proteins (Fig. 7E ) as compared [43] or photogenerated by the lysosomal/endosomal associated photosensitizer AlPcS2a [44] can directly affect mTOR, whereas Akt is a target of the SOD inhibitor 2-methoxyestradiol (2-ME) [45] . This suggests that elements of the Akt-mTOR pathway, which is crucially involved in the 
Fig. 4 Constitutive repression of MA prevents PDT-mediated cell death. All controls represent incubation with hypericin without irradiation. (A) Total cell lysates of MEF and Atg5 Ϫ/-MEF were made at the indicated time-points and analysed by Western blot for LC3-conversion, caspase 3 activation and PARP cleavage. Actin was used as a loading control. A representative Western blot (n ϭ 3) is shown. In a parallel experiment, subcellular fractions were made for Western blot analysis of cytochrome c release in the cytosol. (B) Apoptotic SubG1 fraction in PDT-treated MEF and Atg5 Ϫ/-MEF. The graph represents the mean Ϯ S.D. of two independent experiments. (C) Representative flow cytometric analysis of phosphatidylserine externalization as measured by annexinV-FITC staining in MEF (a and b) and Atg5 Ϫ/-MEF (c and d) in control cells (a and c) and 6 hrs after PDT (b and d). The indicated percentage is the annexinV ϩ fraction. (D) Representative dose-response curve for PDT treatment with different concentrations of hypericin (as indicated) in MEF and
is shown. Actin was used as a loading control (n ϭ 3). Right: The graph represents the densitometric values of the OxyBlot normalized to actin and expressed as fold increase to controls. (B) Representative Western blot and densitometric analysis (C) of the Akt-mTOR pathway activation-status in MEF and Atg5
Ϫ/-MEF after PDT (as shown in Fig. 2 [20, 21] .
Importantly, reducing MA capacity by 3-MA or by silencing Atg5 expression sensitized cells to apoptotic cell death, thus revealing the intrinsic pro-survival role of this degradation mechanism in PDT. Unlike PDT, other promising ROS-inducing cancer therapeutics, such as 2-ME [9] or selenite [11] failed to induce MA in non-transformed cells and stimulated caspase-independent autophagic cell death in cancer cells, accompanied with mitochondrial dysfunction. Cell death induced by 2-ME was reversed by overexpressing mitochondrial SOD2, suggesting that 2-ME acts mainly as a complex I poison generating superoxide from mitochondria, and was reduced by the knockdown of Atg5 or Beclin-1 [9] . In our model, PDT-induced MA involves primarily 1 O2 photogenerated at the ER [23] and its cytoprotective action appears to be mainly Atg5 dependent, because silencing Beclin-1 does not significantly affect photokilling (M. Dewaele unpublished
Fig. 6 CMA is up-regulated in MA-deficient cells and stimulated by PDT-treatment. All controls represent incubation with hypericin without irradiation. (A) Confocal analysis of LAMP2A and Hsc70 immunostaining in untreated cells (a, c) or 6 hrs after PDT-treated (b, d) in 3T3 fibroblasts. DAPI was used for nuclear counterstaining. (B) Confocal analysis of Hsc70 (green, a and e) and LAMP2A (red b, f) co-immunostaining in untreated (a, b) and 6 hrs after PDT-treated (e, f) MEFs. The colocalization image is shown for the control (c) and the treated cells (g). DAPI was used as a nuclear counterstain and (d) and (h) present magnifications of the areas indicated in (c) and (g), respectively. The images are representative for approximately 70% of the cellular population after PDT. (C) Confocal analysis of LAMP2A immunostaining in untreated cells (a, c) or 6 hrs after PDT-treated (b, d) cells. MEF (a and b), Atg5
-/- [40, 42] . In line with this, we found that the cytoprotective effect of genetic loss of MA against PDT-mediated cell death could be attributed to the 
MEF (c and d
